The mechanisms underlying U1-70K aggregation in AD are unknown. Results: AD brain homogenates can induce the aggregation of soluble U1-70K, and disordered low complexity domains are necessary for U1-70K aggregation. Conclusion: U1-70K in AD may directly sequester normal soluble forms of U1-70K into insoluble aggregates. Significance: These observations highlight the importance of low complexity domains in RNA-binding protein aggregation in neurodegenerative disease.
Many neurodegenerative diseases, including Alzheimer disease (AD), 3 Parkinson disease, frontotemporal lobar degeneration (FTLD), and prion diseases, are proteinopathies that are associated with the accumulation of detergent-insoluble protein aggregates (1, 2) . Neuropathology of AD is defined by the presence of senile plaques and neurofibrillary tangles (NFTs) composed of detergent-insoluble amyloid-␤ and phosphorylated Tau (pTau), respectively (3) . The clinical progression of AD is characterized by an extended prodromal phase in which amyloid-␤ and Tau pathology accumulate years prior to cognitive symptoms (4) . These proteinaceous aggregates are hypothesized to cause both functional deficits as well as gain-of-function toxicity that ultimately lead to synapse loss and cognitive impairment. However, high amyloid-␤ burden and NFT pathology are present in 30 -50% of cognitively normal older individuals at death (5) (6) (7) , suggesting that these core pathologies are not sufficient to explain the onset of cognitive decline (4) .
To identify other aggregated proteins in AD that could contribute to disease pathogenesis, we recently undertook a comprehensive study of the human brain detergent-insoluble proteome in AD (8) . These studies revealed substantial enrichment of U1-70K and other core U1 small nuclear ribonucleoproteins (snRNPs) in Sarkosyl-insoluble fractions in AD but not in other * This work was supported, in whole or in part, by National Institutes of Health neurodegenerative diseases. Additionally, mis-localized U1 snRNP proteins associated with cytoplasmic tangle-like aggregates in AD (8) .
snRNPs are RNA-protein complexes that interact with pre-mRNA and auxiliary splicing factors to form a spliceosome (9, 10) . Five distinct snRNP complexes (U1, U2, U4, U5, and U6) act in the spliceosome to remove introns from pre-mRNA, which occurs, with rare exceptions (11, 12) , in the nucleus of all eukaryotic cells. The U1 snRNP complex consists of a 165-nucleotide U1 small nuclear RNA (snRNA) and 10 distinct proteins, which together initiate splicing by recognizing the 5Ј splice site on nearly 98% of all pre-mRNAs (13, 14) . Comparison of RNA from AD and control brains revealed significant defects in RNA maturation with accumulation of unspliced RNA species in AD, consistent with a loss of U1 snRNP nuclear function (8) . However, the mechanisms underlying the conversion of highly soluble nuclear U1 snRNP proteins into insoluble cytoplasmic aggregates remain elusive.
Recently McKnight and co-workers (15) used a biotinylated isoxazole compound to precipitate hundreds of RNA splicing factors with intrinsically disordered low complexity (LC) domains from cell and tissue extracts. A large proportion of proteins identified were core or associated members of the spliceosome that included U1-70K, serine-arginine (SR) splicing factors, and several heterogeneous nuclear ribonucleoproteins. LC domains are polypeptide sequences that have a tendency to be comprised of just a few of the 20 amino acids and are typically organized in repetitive arrays (16) . Interestingly, at high concentrations in vitro, some LC domains undergo a concentration-dependent phase transition to a hydrogel-like state composed of uniformly polymerized amyloid-like aggregates that can sequester normal soluble forms of the same protein or other RNA-binding proteins with similar, but not identical, LC domains (15) . U1-70K harbors two C-terminal LC domains that lack native three-dimensional and secondary structure in solution (17) . Other notable RNA-binding proteins with LC domains include TAR DNA-binding protein 43 (TDP-43) and fused in sarcoma (FUS), both of which form detergent-insoluble amyloid-like aggregates in amyotrophic lateral sclerosis and FTLD (18) . These proteins also share aggregation properties mediated via their LC domains (15, 19 -21) . Whether LC domains in U1-70K or other intrinsically disordered U1 snRNP proteins drive their detergent insolubility and aggregation in AD remains unclear.
In this study, immunogold electron microscopy was used to demonstrate that cytoplasmic U1-70K associates with NFTs in AD brain. Paradoxically, nearly all detectable U1-70K was found in the Sarkosyl-insoluble fraction of AD brain tissue following biochemical fractionation, despite the fact that most neurons and glia harbor nonfilamentous nuclear U1-70K. Based on these observations, we hypothesized that following tissue homogenization, aggregated U1-70K itself or other biopolymers (i.e. proteins or nucleic acids) sequester natively folded soluble U1-70K into detergent-insoluble aggregates. Herein, we provide evidence that AD brain homogenate can induce the aggregation of endogenous soluble U1-70K from control brain homogenate or recombinant U1-70K and render it Sarkosyl-insoluble. The mechanisms that underlie this pro-cess are not influenced by RNA and require the presence of Sarkosyl-insoluble proteins in AD, including U1-70K. Moreover, levels of insoluble U1-70K do not always correlate with levels of aggregated Tau in AD or other tauopathies, suggesting that Tau does not directly influence U1-70K aggregation. By expressing both N-and C-terminal truncations of recombinant U1-70K (rU1-70K) it was determined that the C terminus, which harbors two intrinsically disordered LC domains (LC1 and LC2), is necessary for U1-70K aggregation. Interestingly, rU1-70K fragments harboring either LC1 or LC2 were sufficient alone for aggregation, although rU1-70K fragments with only the LC1 domain showed enhanced aggregation properties. Finally, using protein cross-linking and mass spectrometry, we show that a rU1-70K fragment harboring the LC1 domain directly interacts with aggregated U1-70K in AD brain. These results support the hypothesis that aggregated U1-70K in AD brain can interact with and sequester normal soluble forms of U1-70K through the intrinsically disordered LC1 domain, thus providing important insight into the mechanisms underlying U1-70K protein aggregation events in AD.
EXPERIMENTAL PROCEDURES
Materials-Primary antibodies used in these studies include an in-house antibody raised against a synthetic keyhole limpet hemocyanin-conjugated peptide corresponding to a C-terminal epitope of U1-70K (clone EM439) (8) , an anti-Myc-tag (clone 9B11, Cell Signaling), anti-TDP-43 (10782-2 Protein-Tech), anti-Tau2 (clone MAB375, Millipore), anti-␣-tubulin (clone DM1A, Cell Signaling), and anti-EEA1 (ab2900, Abcam). Secondary antibodies were conjugated to either Alexa Fluor 680 (Invitrogen) or IRDye800 (Rockland) fluorophores. RNase A from bovine pancreas (R4875, Sigma) was obtained as a lyophilized powder. A stock solution (10 mg/ml) was prepared in 20 mM Tris-HCl, pH 7.5, 10 mM NaCl, and 50% glycerol. A stock solution (1 mg/ml) of linear polyethyleneimine (25 kDa, Polysciences, Inc.) was prepared by heating in water and adjusting the pH to 7.0 with HCl. The solution was sterilized by passing through a 0.2-m filter and stored in 1-ml aliquots at Ϫ20°C.
Human Brain Tissue-Post-mortem frontal cortex tissue from healthy control cases and pathologically confirmed AD cases were selected for comparison from the Emory Alzheimer's Disease Research Center brain bank (n ϭ 16). Post-mortem neuropathological evaluation of amyloid plaque distribution was performed according to the Consortium to Establish a Registry for Alzheimer's Disease semi-quantitative scoring criteria (22) , although neurofibrillary tangle pathology was assessed in accordance with the Braak staging system (23) . The corticobasal degeneration (CBD) case included in this study underwent extensive neuropathological characterization required for diagnosis based on established criteria (24, 25) . All AD cases met NIA-Reagan criteria for the diagnosis of Alzheimer disease (high likelihood). Cases were matched as closely as possible for age at death, gender, and post-mortem interval, as shown in Table 1 . Control and AD cases (n ϭ 18) were also obtained from The Johns Hopkins University Brain Resource Center and Baltimore Longitudinal Study of Aging (Table 2) , characterized as described previously (5) .
Plasmids and Cloning-The cDNA of U1-70K containing C-terminal Myc and DDK tags was cloned from pCMV6-Entry vector (Origene) and inserted into the HindIII/BamHI sites in the pcDNA3.1 vector. These U1-70K sequences were also cloned into the EcoRV/XhoI sites in the pLEXM-GST vector (kindly provided by Dr. Richard Kahn, Emory Department of Biochemistry) for the expression of N-terminal GST-tagged proteins. All expression plasmids were confirmed by DNA sequencing.
Tissue Fractionation-Post-mortem frontal cortex tissue was dounce-homogenized in 5 ml/g (20% w/v) of ice-cold homogenization buffer (50 mM HEPES, pH 7.0, 250 mM sucrose, 1 mM EDTA, and 1ϫ HALT (Pierce) protease inhibitor mixture). Following homogenization, Sarkosyl (N-lauroylsarcosine) and NaCl were added to final concentrations of 1% (w/v) and 0.5 M, respectively (Sark-buffer). This fraction was defined as the total brain homogenate and was sonicated (Sonic Dismembrator System, Fisher Scientific) with three 5-s pulses at 30% amplitude (maximum intensity ϭ 40%) using a microtip probe to shear nucleic acids. Protein concentrations were determined using the bicinchoninic acid (BCA) method (Pierce). To generate Sarkosyl-soluble (S1) and -insoluble fractions (P1), total brain homogenates (5 mg of total protein per case) were centrifuged at 180,000 ϫ g for 30 min at 4°C. The pellet (P1) was resuspended in Sark-buffer and centrifuged at 180,000 ϫ g for an additional 30 min. The final pellet (P2) was solubilized in urea buffer (8 M urea and 2% SDS in 50 mM Tris-HCl, pH 8.5) with brief sonication, affording the Sarkosyl-insoluble fraction.
Recombinant Protein Expression-HEK293T cells (ATCC CRL-3216) were cultured in Dulbecco's modified Eagle's medium (DMEM, high glucose (Invitrogen)) supplemented with 10% (v/v) fetal bovine serum (Invitrogen) and penicillin/ streptomycin (Invitrogen). The cells were maintained at 37°C under a humidified atmosphere of 5% (v/v) CO 2 in air. For transient transfection, the cells were grown to 80 -90% confluency in 10-cm 2 culture dishes and transfected with 10 g of expression plasmid and 30 g of linear polyethyleneimine. For co-aggregation experiments, cells were harvested 72 h post-transfection by scraping in ice-cold PBS and lysed in Sark-buffer. Lysates were briefly sonicated and cleared by centrifugation at 180,000 ϫ g for 30 min at 4°C.
U1-70K Co-aggregation Assays-For each experiment, all post-mortem human brain homogenates were diluted to a protein concentration of 10 mg/ml with Sark-buffer. AD, and control homogenates were combined in six ratios with an increasing proportion of AD homogenate (0.5 ml final volume). The mixtures were incubated 4 h at 4°C and fractionated into detergent-soluble and detergent-insoluble fractions. For comparison, matching quantities of AD brain homogenate alone were diluted in Sark-buffer (0.5 ml final volume), incubated, and fractionated as before. The Sarkosyl-insoluble fractions were analyzed by quantitative Western blotting for U1-70K as described below. For co-aggregation experiments performed with full-length recombinant U1-70K (rU1-70K), HEK lysate (200 g) with overexpressed rU1-70K was combined with post- RNase and Proteinase K Treatment-To assess the effect of RNA on the aggregation of U1-70K, a co-aggregation experiment was performed using HEK lysate and brain homogenate pretreated with RNase A. Briefly, HEK lysates overexpressing rU1-70K and AD brain homogenates were treated with 200 g/ml RNase A for 20 min at room temperature. RNA degradation was confirmed by resolving on an 8% denaturing urea polyacrylamide gel (urea-PAGE). Similarly, proteinase K (PK) digestion was used to assess the protein dependence of U1-70K aggregation as follows. A 0.5-ml aliquot (5 mg of total protein) of AD brain homogenate was treated with 200 g/ml PK (Thermo EO0491) at 37°C for 1 h and quenched with PMSF (5 mM). For comparison, an identical aliquot of AD brain homogenate was prepared without PK and incubated at 37°C for 1 h. Both PK-treated and untreated AD homogenates were used to seed rU1-70K aggregation.
Immunohistochemistry-A cryostat was used to cut formalin and paraformaldehyde-fixed post-mortem human frontal cortex into 50-m sections and immuno-stained essentially as described previously (26) . Briefly, sections were washed in 0.1 M phosphate buffer (PB), incubated with 3% hydrogen peroxide, washed again with PB, and then incubated with blocking solution (Tris-buffered saline (TBS), 8% goat serum, 0.1% Triton X-100 and Avidin D (10 g/ml final concentration; Vector Laboratories, A-2000)) for 1 h at 4°C. Sections were washed with TBS and then incubated with primary antibody solution (primary antibody, TBS, 2% goat serum and biotin (50 g/ml), Sigma, B0301) for 24 -48 h at 4°C. Sections were washed with TBS and incubated with biotinylated secondary antibody solution (biotinylated secondary antibody, TBS, 2% goat serum) for 1 h at 4°C. Sections were washed with TBS, incubated with Vectastain Elite ABC amplification reagent (Vector Laboratories, PK-6200) for 1 h at 4°C, washed again with TBS, incubated with 3,3-diaminobenzidine solution (Sigma, D4418) for 2-10 min at room temperature, and finally washed with TBS. Sections were mounted in standard fashion to glass slides, dried overnight at room temperature, dehydrated through alcohol rinses and Histo-Clear (National Diagnostics, HS-200), and finally coverslipped with DPX mounting medium (VWR, 360294H). All incubation steps were conducted with gentle agitation from a table-top orbital shaker. Images were captured using an Olympus BX51 microscope with Olympus DPS camera (UCMAD3).
Immunogold Transmission Electron Microscopy-A vibratome was utilized to cut 50 m of free-floating sections from AD frontal cortex. After treatment with primary antibody (see under "Immunohistochemistry"), sections were incubated with secondary antibody conjugated to ultra-small gold particles (Aurion, Wageningen, The Netherlands). After rinsing, sections were fixed in glutaraldehyde for 1 h, enhanced with R-gent SE-EM (Aurion), and postfixed in OsO 4 . Sections were dehydrated, embedded in Epon, and cut into ultra-thin sections (60 -70 nm). Thin sections were counterstained with uranyl acetate, followed by lead citrate, and examined using a Hitachi (Tokyo, Japan) H-7500 electron microscope (27, 28) .
Label-free Quantitative Proteomics-For the proteomic analysis of the insoluble fractions from the 18 Baltimore Longitudinal Study of Aging cases, protein samples (50 g) were reduced with 5 mM dithiothreitol (DTT) for 15 min at 37°C and then alkylated with 20 mM iodoacetamide for 30 min at 25°C. The alkylated samples were separated on a 10% SDS gel and stained with Coomassie Blue G-250. Each sample lane was cut into five gel bands corresponding to molecular weight ranges to increase the depth of coverage of the proteome. The gel pieces were then digested overnight in 12.5 g/ml trypsin at 37°C. The resulting peptides were analyzed by high resolution LC-MS/MS and quantified by signal intensity using in-house software as described previously (29) .
GST Purification of Recombinant U1-70K Proteins-HEK293T cells were grown and transfected as before. For each GST affinity purification, 5-10 ϫ 15-cm 2 tissue culture dishes were transiently transfected with 20 g of plasmid DNA and 60 g of PEI.
The cells were harvested 72 h post-transfection by scraping in ice-cold PBS, and lysates were prepared according to published methods (30) , with some minor modifications. Briefly, the cells were resuspended in ϳ1.5ϫ packed cell volume of ice-cold lysis buffer (50 mM HEPES, pH 7.4, 200 mM NaCl, 5% glycerol, 1 mM EDTA, 1% (w/v) Sarkosyl, and 1ϫ HALT protease inhibitor mixture). Lysates were sonicated with five 10-s pulses at 30% amplitude (maximum intensity ϭ 40%) using a microtip probe to shear nucleic acids. To render the lysates compatible with GST affinity purification, Triton X-100 was added to a concentration of 1.5% (v/v), and the lysates were cleared by centrifugation at 14,000 ϫ g for 10 min at 4°C. The resulting supernatants were incubated overnight at 4°C with 0.5-1 ml of swelled glutathione-agarose resin (Sigma G4510), after which the slurries were loaded onto 10-ml polypropylene columns. The resin was washed with 10 column volumes of GST wash buffer (50 mM HEPES, pH 7.4, 200 mM NaCl, and 1% Triton X-100), and eluted with 4ϫ 1 ml of elution buffer (50 mM Tris-HCl, pH 8.5, 500 mM NaCl, 20 mM reduced L-glutathione (Sigma G4251) and 0.1% Triton X-100). The eluted fractions were concentrated to ϳ200 l using Amicon Ultra-0.5-ml 10,000 molecular weight cutoff centrifugal filter units (EMD Millipore), and dialyzed overnight against 50 mM HEPES, pH 7.4, 200 mM NaCl, and 0.1 mM PMSF using 10,000 molecular weight cutoff Slide-A-Lyzer MINI dialysis units (Thermo). Protein concentrations were determined by running the elution fractions on an SDS-polyacrylamide gel with bovine serum albumin (BSA) standards ranging from 0.2 to 1 g per lane and staining with Coomassie G-250 (31) . Densitometry of the BSA standards was used to calculate the concentration of the purified protein.
Protein Labeling with NHS-Diazirine and/or NHS-Biotin-For photocross-linking experiments, purified recombinant U1-70K (rU1-70K) was labeled with NHS-diazirine (Pierce 26167) according to the manufacturer's instructions. All labeling reactions were conducted in an aqueous buffer consisting of 50 mM HEPES, pH 7.4, and 200 mM NaCl. For a general labeling reaction, 40 -120 g of protein was combined with 5 mM NHSdiazirine, from a freshly prepared 100 mM stock in anhydrous DMSO. The reaction was incubated at room temperature for 2 h in the dark, quenched with 50 mM Tris-HCl, pH 8, and desalted using 0.5-ml Zeba Spin 7000 molecular weight cutoff desalting columns (Pierce). Dual labeling with NHS-diazirine and EZ-Link NHS-biotin (Pierce 20217) was performed in a similar manner; however, the purified protein was incubated with a 2:1 molar ratio of NHS-diazirine (5 mM) and NHS-biotin (2.5 mM).
Protein Cross-linking, Affinity Capture, and Mass Spectrometry-For photo-cross-linking experiments, 5 mg of AD total homogenate was fractionated at 180,000 ϫ g as before, and the detergent-insoluble fractions were resuspended in 200 l of Sark-buffer using the pellet pestle (Sigma Z359971) followed by brief, low intensity sonication (5 s at 20% amplitude). For each experimental condition, 40 g each of unlabeled or diazirinelabeled rU1-70K fragments were incubated overnight with the insoluble fractions from AD brain. The mixtures were then fractionated at 180,000 ϫ g for 30 min, and the resulting pellets gently resuspended in Sark-buffer using the pellet pestle. Both the labeled and unlabeled co-aggregation mixtures were transferred to a shallow plastic dish (the lid of a 35-mm Petri dish) and irradiated with 365 nm UV light (1 ϫ 8-watt bulb; Pierce 95034) for 15 min on ice, at a distance of roughly 2 cm from the bulb. The mixtures were fractionated as before, and the pellets were resuspended in 8 M urea buffer and analyzed by Western blotting. For streptavidin pulldown experiments, 40 g of unlabeled or dual-labeled (diazirine and biotin) rU1-70K fragments were UV-cross-linked with the detergent-insoluble fraction of AD brain as outlined above. The resulting pellets (in 8 M urea ϩ 2% SDS buffer) were diluted 10-fold with GST wash buffer and incubated with 1 mg (100 l) of Dynabeads M280 streptavidin (Invitrogen) for 2 h at room temperature. The beads were washed with 4ϫ 0.5-ml of wash buffer A (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, and 0.1% SDS) and 2ϫ 0.5 ml of wash buffer B (50 mM Tris-HCl pH 7.5, 0.5 M NaCl, and 0.1% Triton X-100). The beads were eluted in 30 l of SDS sample buffer (without reducing agent) supplemented with 3 mM biotin by incubating at 95°C for 15 min. The eluted samples were reduced with 5 mM DTT at 95°C for 5 min and alkylated with 50 mM iodoacetamide at room temperature for 30 min in the dark. Samples were resolved by SDS-PAGE, and regions above 60 kDa were excised and analyzed by LC-MS/MS following in-gel trypsin digestion as described previously (26) . A user defined peptide precursor mass tolerance of Ϯ20 ppm was employed for extracted ion chromatogram (XIC) based quantification (32) .
Western Blotting-Western blotting was performed according to standard procedures as reported previously (26) . Control, CBD, and AD brain homogenates were blotted at 50 g per lane, HEK lysate with overexpressed rU1-70K at 5 g per lane, and Sarkosyl-insoluble fractions at 40 g per lane. Samples in Laemmli sample buffer were resolved by SDS-PAGE before an overnight wet transfer to 0.2-m nitrocellulose membranes (Bio-Rad). Membranes were blocked with casein blocking buffer (Sigma B6429) and probed with primary antibodies for 2 h at room temperature or overnight at 4°C. Membranes were incubated with secondary antibodies conjugated to Alexa Fluor 680 (Invitrogen) or IRDye800 (Rockland) fluorophores for 1 h at room temperature. Images were captured using an Odyssey Infrared Imaging System (Li-Cor Biosciences), and band intensities were quantified using Odyssey imaging software. Statistical analysis was performed using Student's t test for independent samples.
RESULTS

Disconnect between the Subcellular Distribution and Biochemical
Properties of U1-70K in AD Brain-The RNA-binding protein U1-70K and other core U1 snRNP proteins are Sarkosyl-insoluble and associate with Tau in AD cortex (8) . To further characterize the precise subcellular localization of U1-70K in AD brain, we used immunogold transmission electron microscopy (EM). Both nuclear and cytoplasmic U1-70K distribution were observed within neurons ( Fig. 1A) . Notably, clusters of immunogold-labeled U1-70K particles in the cytoplasm were frequently observed associated with filamentous structures resembling AT8-positive NFTs. In contrast, U1-70K in the nucleus was typically associated with dense chromatin structures ( Fig. 1A) , supporting previous observations that the majority of snRNPs localize in interchromatin granule clusters (33) . We did not observe tangle-like U1-70K-positive structures in the nucleus. These observations confirm our previous findings that U1-70K associates with cytoplasmic NFTs in AD brain (8) .
Using a multistep tissue fractionation approach, we previously showed that U1-70K is highly Sarkosyl-insoluble in AD cases (8) . To further characterize the intra-tissue biochemical properties of U1-70K, we used a simplified one-step fractionation protocol to generate Sarkosyl-soluble and -insoluble fractions from three independent control and AD post-mortem cortical homogenates (Fig. 1B) . When AD and control brain homogenates with equivalent levels of total U1-70K were fractionated, we observed that U1-70K was almost entirely Sarkosyl-soluble in controls, whereas in AD it was almost exclusively Sarkosyl-insoluble. Interestingly, by immunohistochemistry U1-70K displayed normal nuclear distribution in the majority of cells in AD cortex (Fig. 1C ). This suggests that the near complete shift of U1-70K into the Sarkosyl-insoluble fraction in AD brain is not solely attributable to the tangle-like cytoplasmic pool of U1-70K alone (Fig. 1, A and B) . Based on these collective observations, we hypothesized that following homogenization of AD brain either aggregated U1-70K itself or other biopolymers (e.g. proteins or nucleic acids) sequester natively folded conformers of soluble U1-70K into insoluble aggregates. 1  2  3  1  2  3  1  2  3  1  2  3   kDa   100  80  60  50 DECEMBER 
Aggregation Properties of U1-70K in AD
AD Homogenates Can Induce the Aggregation of Normal Soluble U1-70K-To ascertain whether AD homogenates could induce the aggregation of soluble U1-70K from control tissue, control brain homogenates were mixed with increasing proportions of AD brain homogenate ( Fig. 2A) . Each AD ϩ control mixture consisted of 5 mg of total protein, with identical volumes (0.5 ml) and protein concentrations (10 mg/ml). For comparison, matching quantities of AD brain homogenate were diluted (AD alone) in buffer to the same final volume. Prior to mixing, we ensured that both AD and control homogenates had equal levels of U1-70K (Fig. 2B, left) . After incubation and fractionation, the Sarkosyl-insoluble fractions were analyzed by Western blotting for U1-70K (Fig. 2B) . Quantification of Sarkosyl-insoluble U1-70K from AD and control homogenate mixtures revealed a nonlinear increase in levels of insoluble U1-70K, approximating a logarithmic curve (Fig. 2, B and C) . In contrast, quantification of Sarkosyl-insoluble U1-70K from AD homogenates alone yielded a signal increase that was generally proportional to the amount of total AD homogenate used in the assay. As expected, U1-70K in the control homogenate alone (0% AD homogenate) was entirely Sarkosyl-soluble in the absence of AD homogenate (Fig. 2B) . These results indicate that AD homogenates can sequester soluble control brain-derived U1-70K into a detergent-insoluble aggregated state. TDP-43 was used as a loading control in this assay because Sarkosyl-insoluble levels of TDP-43 were consistent in control and AD fractions (Fig. 2B, lower panel) . We extended this assay to assess the ability of AD homogenates to convert soluble recombinant U1-70K (rU1-70K) into an aggregated state. HEK cell lysate with overexpressed Myc-tagged rU1-70K was incubated with AD or control brain homogenates, followed by fractionation and Western blot analysis of the Sarkosyl-insoluble fractions (Fig. 3A) . Although rU1-70K incubated at 4°C for up to 4 h remained Sarkosyl-soluble, incubation with AD brain homogenates under the same conditions induced rU1-70K aggregation. In contrast, rU1-70K incubated with control brain homogenates remained Sarkosyl-soluble.
To test the disease specificity of the induced aggregation of rU1-70K, we performed a co-aggregation assay with rU1-70K and brain homogenates generated from an individual with CBD, which is pathologically characterized by the accumulation of hyperphosphorylated detergent-insoluble Tau (Fig. 3C ) and has only soluble U1-70K (8, 34) . In contrast to AD homogenate, CBD homogenate was ineffective at sequestering rU1-70K into the Sarkosyl-insoluble fraction (Fig. 3D ). This suggests that U1-70K aggregation is not mediated by factors present in the CBD brain, which is consistent with our previous findings that U1-70K aggregation is specific to AD and not observed in other neurodegenerative diseases, including tauopathies (8) .
Our findings indicate that AD homogenates are uniquely effective at inducing the aggregation of both soluble U1-70K from control brain and rU1-70K expressed in cells.
Induced Aggregation of rU1-70K by AD Homogenate Is Protein-dependent-We previously reported that U1 snRNA co-aggregates with U1-70K in AD brain (8, 35) suggesting that RNA may play an important role in rU1-70K aggregation in AD homogenates. To determine whether RNA is required for the induced aggregation of rU1-70K by AD homogenate, we pretreated both HEK lysate and AD brain homogenates with RNase A prior to co-aggregation assays (Fig. 4A ). Urea-PAGE was performed on RNA extracts of pre-and post-digested aliquots to confirm near complete degradation of intact RNA in both AD homogenates and HEK lysates with overexpressed rU1-70K. Both RNase-treated and -untreated AD brain homogenates were able to induce the aggregation of proportional levels of rU1-70K. Native levels of Sarkosyl-insoluble U1-70K in AD were similarly unaffected by RNase treatment, suggesting that U1-70K Sarkosyl insolubility is independent of RNA. To ascertain whether rU1-70K aggregation is protein-dependent, we pretreated AD homogenate with PK followed by inhibition with PMSF. PK inhibition was confirmed by incubating the PKtreated AD homogenates with rU1-70K and analyzing aliquots taken at different time points by Western blot (data not shown). PK inhibition was only considered complete if proteolytic degradation of rU1-70K was not observed. We then assayed the ability of PK-treated homogenates to aggregate rU1-70K (Fig.  4B) . Ponceau S staining of the subsequent transfer membrane confirmed near complete protein degradation in AD homogenate following PK treatment. Compared with untreated AD homogenate, the PK-digested homogenates were ineffective at inducing the aggregation of rU1-70K. Finally, to assess whether proteins harbored within the detergent-soluble protein pool could induce rU1-70K aggregation, we performed co-aggregation assays with Sarkosyl-soluble fractions of AD brain (Fig.  4C ). Unlike AD total homogenates, the Sarkosyl-soluble fractions were unable to induce the aggregation of rU1-70K. Together, these data indicate that rU1-70K aggregation is induced by Sarkosyl-insoluble proteins, which includes U1-70K and Tau.
U1-70K and Tau Do Not Always Co-aggregate in AD-Both Tau and U1-70K proteins are highly Sarkosyl-insoluble in AD homogenates, and both associate with NFTs in AD frontal cortex. However, our previous immunohistochemical studies showed discordant distributions of U1-70K and Tau aggregates in certain brain regions, including the hippocampus (8) . These data suggest that U1-70K and Tau do not always co-aggregate bottom panel) . B, AD homogenate was pretreated with PK for 1 h at 37°C and then inhibited with the addition of excess PMSF. The PK-treated AD homogenate was incubated with rU1-70K lysate for 4 h at 4°C and fractionated. Ponceau S staining of the transfer membrane indicates near complete digestion of protein in the PK-treated samples (bottom panel). PK digestion abolished the ability of AD homogenate to seed rU1-70K. C, rU1-70K HEK lysate was incubated with control and AD brain homogenates as well as the Sarkosyl-soluble fraction of AD brain (AD sol.) as before. The resulting Sarkosyl-insoluble fractions were subjected to Western blot analysis for native U1-70K (red) and rU1-70K (green), suggesting that the Sarkosyl-insoluble protein fraction is responsible for inducing rU1-70K aggregation (top panel). Ponceau S staining of the transfer membrane shows equal protein loading across total control homogenate, AD homogenate, and Sarkosyl-soluble AD fractions (bottom panel). DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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in AD brain. Thus, we sought to perform a co-aggregation assay with an AD case that harbored markedly reduced levels of insoluble Tau relative to other AD cases. Using quantitative mass spectrometry, we identified an AD case with significantly lower levels of phosphorylated Tau (36) . More specifically, AD case E04-172 (Table 1) had on average 14-fold less pTau based on Tau phosphopeptide signal intensity in the frontal cortex compared with the average of other AD cases we analyzed (36) . Interestingly, this "low pTau" AD case had comparable levels of native Sarkosyl-insoluble U1-70K and was equally effective at inducing rU1-70K aggregation, as compared with an AD case (case E05-04) with significantly higher levels of Sarkosyl-insoluble pTau (Fig. 5A ). This result suggests that U1-70K aggregation in AD does not correlate with aggregated Tau levels. In further support of this hypothesis, we directly quantified Tau and U1-70K levels in the Sarkosyl-insoluble brain proteome across 18 individual cases representing 5 controls (analyzed in technical replicate) and 13 AD cases (Fig. 5B ). All cortical tissues were collected from the Baltimore Longitudinal Study of Aging (5) . The protein abundance derived from peptide signal intensities by mass spectrometry for both U1-70K and Tau were measured as described previously (29) . As expected, both U1-70K and Tau levels were significantly enriched in AD cases compared with controls (Fig. 5B) . The coefficient of determination (R 2 ϭ 0.174) revealed weak correlation between levels of Sarkosylinsoluble Tau and U1-70K within the 13 individual AD cases (Fig.  5C ). Therefore, many AD cases had significant levels of either Sarkosyl-insoluble U1-70K or Tau but not both proteins. Together these data suggest that U1-70K does not exclusively co-aggregate with Tau in AD.
Disordered C Terminus Is Necessary for rU1-70K Co-aggregation-Several RNA-binding proteins, including TDP-43, FUS, hnRNPA1, and ataxinA2 harbor low complexity (LC) domains that are proposed to promote the formation of detergent-insoluble amyloid-like aggregates in neurodegenerative disease (15) . U1-70K harbors two such domains, LC1 (amino acids 231-308) and LC2 (amino acids 317-407), which together comprise a majority of the C-terminal primary sequence. The DISOPRED algorithm (37) predicts intrinsically disordered regions within the N-terminal (amino acids 50 -100) and C-terminal (amino acids 220 -437) regions of U1-70K (Fig. 6 ). The C-terminal region is predicted to be almost completely disordered as a consequence of the low amino acid complexity of the LC1 and LC2 domains. To determine whether LC region(s) or other domains of U1-70K are required for rU1-70K co-aggregation, we assessed the ability of AD brain homogenate to sequester FIGURE 6. U1-70K is highly disordered and has C-terminal low complexity domains. A, DISOPRED algorithm predicts intrinsically disordered regions within the N-terminal (amino acids 50 -100) and C-terminal (amino acids 220 -437) portion of U1-70K, which harbors two distinct low complexity domains, LC1 (amino acids 231-308) and LC2 (amino acids 317-407). B, primary amino acid sequence of U1-70K with the N-terminal (green), RNA recognition motif (RRM) domain (red), and two LC domains (orange) are highlighted. Regions predicted to be intrinsically disordered are underlined. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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GST-tagged full-length rU1-70K as well as N-and C-terminal truncated fragments (Fig. 7A ). Co-aggregation experiments were performed in which rU1-70K lysates were incubated with AD total homogenates and fractionated. Western blot analysis of the resulting Sarkosyl-insoluble fractions demonstrated that N-terminal fragments (1-99 and 1-181) were not competent for aggregation compared with full-length or C-terminal fragments containing the LC domains (Fig. 7A) . Moreover, rU1-70K fragments harboring LC1 or LC2 were sufficient for aggregation, and fragments that contained only the LC1 domain were more aggregate-prone as measured by the ratio of Sarkosyl-insoluble rU1-70K to rU1-70K levels in the input (Fig. 7B) . For example, rU1-70K fragments 1-310, 182-310, and 231-310 each had a higher proportion of protein in the AD detergent-insoluble homogenate compared with full-length rU1-70K or other C-terminal fragments harboring both LC1 and LC2. Overall, these results suggest that the induced aggregation of U1-70K is mediated via the LC domains of the intrinsically disordered C terminus.
U1-70K in AD Brain Directly Interacts with rU1-70K Fragments Harboring the LC1 Domain-Our data suggest that rU1-70K aggregation is induced by Sarkosyl-insoluble proteins in AD brain, which includes U1-70K. However, it is unclear whether this process involves the direct interaction of aggregated U1-70K in AD brain with soluble rU1-70K. To address this question, we employed a protein cross-linking approach (Fig. 8 ). Following GST purification, aggregation-prone (182-310) and nonaggregation-prone (1-99) rU1-70K fragments were derivatized with the amine-reactive photoactivatable cross-linker NHS-diazirine (succinimidyl 4,4-azipentanoate (SDA)). Upon photoactivation at 365 nm, SDA will form covalent bonds with any protein within roughly 3.9 Å (38) . Based on this principle, we performed a co-aggregation experiment with unlabeled or SDA-labeled purified rU1-70K fragments (182-310 or 1-99) and the Sarkosyl-insoluble fraction of AD homogenate. Following UV cross-linking, the insoluble fractions were analyzed by Western blotting for both rU1-70K and native U1-70K, in which a clear shift to higher molecular weight crosslinked species was only observed in the SDA-labeled C-terminal 182-310-residue sample (Fig. 8B ). As expected, no crosslinking was observed in the 1-99 N-terminal samples. Notably, in the samples cross-linked with the SDA-labeled 182-310-residue fragment there was an approximate 60% reduction in the signal of native monomeric U1-70K, indicating that over half of the detergent-insoluble U1-70K in AD brain directly interacted with the 182-310-residue fragment (Fig. 8C) . In contrast, TDP-43 levels in the same samples were reduced by ϳ14% compared with the control (no SDA), indicative of the selectivity of the diazirine photo-cross-linker. To further demonstrate that rU1-70K interacts with aggregated U1-70K in AD brain, we performed a similar co-aggregation experiment with doublelabeled (biotin ϩ SDA) 182-310-and 1-99-residue rU1-70K fragments ( Fig. 9 ). Following UV cross-linking and fractionation, the cross-linked products were affinity-captured with streptavidin and resolved by SDS-PAGE (data not shown). The high molecular mass products (Ͼ60 kDa) were subsequently analyzed by LC-MS/MS. Two U1-70K peptides were identified mapping to residues 219 -231 (YDERPGPSPLPHR) or 145-155 (GYAFIEYEHER). The first peptide (amino acids 219 -231) could be derived from either the rU1-70K fragment 182-310 or native full-length U1-70K from AD brain, whereas the second peptide (amino acids 145-155) could only be derived from native full-length U1-70K (Fig. 9, A and B) . Relative quantification for both the shared (219 -231 residues) and AD-derived (145-155 residues) U1-70K peptides was measured by extracted ion intensity across the 1-99-and 182-310-residue rU1-70K cross-linked samples (Fig. 9C) . Notably, the peptide derived from native U1-70K (145-155 residues) was only detected in the 182-310-residue rU1-70K cross-linked sample, consistent with a direct interaction with aggregated U1-70K in AD brain. These quantitative mass spectrometry results are consistent with Western blot analysis, which show high molecular mass cross-linked U1-70K species only in the 182-310residue rU1-70K cross-linked samples (Fig. 8B) . Together, our cross-linking studies demonstrate that aggregated U1-70K in AD brain directly interacts with a rU1-70K fragment that harbors the LC1 domain.
DISCUSSION
In this study, we show that AD brain homogenate can induce the aggregation and insolubility of normal soluble U1-70K from control brain homogenate or rU1-70K. We determined that the C terminus of U1-70K, which harbors two disordered LC domains, is necessary for U1-70K aggregation and that fragments containing only the LC1 domain were highly aggregation-prone. Finally, protein cross-linking and mass spectrometry studies demonstrated that a rU1-70K fragment harboring the LC1 domain directly interacts with aggregated U1-70K in AD brain. These data suggest that aggregated forms of U1-70K in AD directly bind and sequester normal soluble forms of U1-70K into detergent-insoluble aggregated species.
Recently, a number of RNA-binding proteins were shown to undergo concentration-dependent phase transition to a hydrogel-like state composed of uniformly polymerized amyloid-like fibers in vitro (15) . Subsequent investigation identified LC domains within these RNA-binding proteins as necessary for polymerization and hydrogel formation. Once transformed to a hydrogel-like state, these proteins can sequester soluble proteins of the same primary sequence (homotypic trapping) or other proteins with similar, but not identical, LC domains (het- FIGURE 7 . Intrinsically disordered C terminus is necessary and sufficient for U1-70K aggregation. A, to determine which region(s) or amino acid sequences of U1-70K are required for aggregation, we assessed the ability of AD brain homogenate to induce the aggregation of full-length rU1-70K and a number of GST-tagged N-and C-terminal truncations (top panel). Two representative Western blots are shown. Each rU1-70K fragment was expressed in HEK cells, and individual lysates harbored equivalent amounts of recombinant protein (inputs). Each rU1-70K lysate was incubated with AD brain homogenate (bottom panels, 7th lanes) for 12 h at 4°C prior to fractionation. The Sarkosyl-insoluble fractions were subjected to WB analysis for native U1-70K (red) and rU1-70K (green). rU1-70K residues 182-437 also displays a C-terminal fragment (ϳ37 kDa) caused by in vivo proteolysis. B, aggregation propensity of the full-length rU1-70K and various N-and C-terminal truncations was determined by quantifying the recombinant (green) signal ratio of Sarkosyl-insoluble/input fractions. The rU1-70K fragment 182-310 demonstrated the highest degree of aggregation. The dashed line represents the baseline level for full-length rU1-70K (residues 1-437) aggregation. Co-aggregation assays were performed in duplicate for each rU1-70K fragment (Ϯ S.E.). erotypic trapping). These results were proposed as a mechanism for understanding how higher order cellular structures such as RNA granules assemble in the absence of lipid membranes. To this end, the spliceosome is also a higher order cellular structure comprised of RNA and proteins, a majority of which have intrinsically disordered LC sequences (17) . Therefore, we propose that the mechanisms underlying spliceosome assembly could parallel those of RNA granule assembly. Although hydrogel formation is thought to be dynamic and reversible (15) , it has been hypothesized that this state constitutes an intermediate stage in the development of irreversible protein aggregates (39, 40) . Thus, one hypothesis is that U1-70K and other U1 snRNP proteins containing similar disordered LC domains collectively bind and co-aggregate in the AD brain. It should be noted that AD homogenates did not induce the aggregation of TDP-43 (Fig. 2) . Conversely, despite both proteins harboring LC domains, U1-70K does not aggregate in FTLD cases with TDP-43 pathology (8) . This lack of association may be due to differences in the amino acid composition of their respective LC domains.
A majority of known yeast prion proteins harbor unique "prion domains" enriched in glutamine/asparagine (Q/N-rich) and to a lesser degree tyrosine and glycine (41) (42) (43) . These domains are usually at least 60 amino acids in length and are predicted to be intrinsically disordered. Of the 210 RNA recognition motif-bearing proteins in the human genome, 29 have a putative prion-like Q/N-rich domain (43) . Nearly half of these 29 proteins were identified as harboring low complexity domains (15) . Included in this list were the RNA-binding proteins TAF15, TDP-43, FUS, and hnRNPA1, all of which aggregate in neurodegenerative disease (44 -46) . In contrast, the 78-amino acid LC1 domain in U1-70K ( Fig. 6B ) (amino acids 231-308), which we have shown is sufficient for aggregation, is comprised almost exclusively (ϳ99%) of five amino acids (Arg, Glu, Ser, Asp, and Lys). Of these five amino acids, four are organized in highly repetitive tandem arrays of a basic amino acid (R/K) followed by an acidic amino acid (D/E). Therefore this domain does not conform to the canonical Q/N-rich LC sequences observed in yeast prion proteins or the prion-like domains of other RNA-binding proteins known to aggregate in neurodegenerative disease. It remains unknown how the amino acid composition of the C-terminal low complexity domains in U1-70K contributes to its aggregation. Future studies analyzing the functional roles and binding properties of the LC domains in U1-70K as well as similar LC domains found in other aggregate-prone U1 snRNP proteins in AD is warranted.
Interestingly, we also show that the absence of RNA does not affect biochemical insolubility of U1-70K in AD brain homogenates. However, it is plausible that the U1 snRNA serves as an initial scaffold for aberrant U1-70K aggregation, which is supported by the presence U1 snRNA tangle-like pathology in AD brain (35) . This underscores the importance of defining the . SDA-labeled rU1-70K fragments harboring the LC1 domain directly interact with aggregated U1-70K in AD brain. A, GST-tagged N-or C-terminal rU1-70K fragments (residues 1-99 and 182-310) were expressed in HEK cells, affinity-purified with glutathione-agarose, and assessed for purity by SDS-PAGE and Coomassie Blue staining (left panel). Purified fragments were derivatized with the amine-reactive photo-activatable crosslinker NHS-diazirine (SDA) (right panel). B, co-aggregation assays using Sarkosyl-insoluble fractions from AD brain were performed with unlabeled or SDA-labeled purified rU1-70K fragments (residues 1-99 or 182-310). Following UV treatment and fractionation, the cross-linked products were analyzed by Western blotting for both rU1-70K (green) and native U1-70K (red) (top panel). Higher molecular weight cross-linked species were only observed in co-aggregation experiments with SDA-labeled 182-310-residue rU1-70K fragment. Notably, lower molecular weight C-terminal fragments in the 182-310-residue rU1-70K co-aggregation assays were also observed to form crosslinked products. TDP-43 was used as a loading control (bottom panel).
C, approximately 60% of native monomeric U1-70K from AD brain was crosslinked in co-aggregation assays using SDA-labeled 182-310-residue rU1-70K fragments compared with the control unlabeled fragments (no SDA). In contrast, ϳ14% of native TDP-43 was cross-linked in these same experiments, which were performed in technical quadruplicate (n ϭ 4). Student's t test was performed for significance (p Ͻ 0.05).
causes underlying U1-70K cytoplasmic mis-localization and aggregation selectively in AD. These causes remain elusive as U1-70K aggregation does not correlate with Tau aggregation in AD brain, and U1-70K insolubility is not observed in other tauopathies, including CBD and familial forms of FTLD with Tau mutations (8) . Thus, it is unlikely that U1-70K aggregation in AD brain is solely due to interactions with Tau. However, this does not preclude the possibility that U1-70K or other intrinsically disordered RNA-binding proteins can induce Tau aggregation in neurodegenerative disease. In support of this hypothesis, recent evidence suggests that RNA-binding proteins with LC domains can induce formation of, and co-aggregate with, Tau pathology in animal and cell models of tauopathies (47) . Defining the exact relationship between U1 snRNP abnormal- FIGURE 9 . Mass spectrometry analysis of affinity-captured cross-linked products confirm a direct interaction between rU1-70K and aggregated U1-70K in AD brain. A, co-aggregation assays using Sarkosyl-insoluble fractions from AD brain were performed with dual-labeled (SDAϩbiotin) purified rU1-70K fragments (amino acids (aa) 1-99 or 182-310). Following UV cross-linking and fractionation, the cross-linked products were affinity-captured with streptavidin magnetic beads. The eluted products were resolved by SDS-PAGE, and the gel regions of Ͼ60 kDa were excised, subjected to in-gel trypsin digestion, and analyzed by LC-MS/MS. Both rU1-70K and native U1-70K peptides from AD brain were identified by MS/MS and quantified by XIC. B, representative MS/MS spectra for triply charged U1-70K peptides mapping to amino acids 219 -231 (YDERPGPSPLPHR) or 145-155 (GYAFIEYEHER). C, XIC for U1-70K peptide sequence 219 -231 (m/z ϭ 507.59) and 145-155 (m/z ϭ 471.89) from high molecular weight species cross-linked with rU1-70K fragments 1-99 (negative control) and 182-310. Notably, the peptide derived from native U1-70K (residues 145-155) was only detected in the 182-310-residue rU1-70K cross-linked sample, consistent with a direct interaction with aggregated U1-70K in AD brain. Peptide signal intensities were normalized to levels in the 182-310-residue samples (100% maximum intensity).
ities and other pathologies, including Tau and ␤-amyloid deposition, will be important for understanding the role of U1-70K aggregation in AD.
In sum, these studies provide insight into the biochemical mechanisms underlying U1-70K protein aggregation events in AD. Our evidence suggests that this is a protein-directed process mediated by the intrinsically disordered low complexity C terminus of U1-70K. Interestingly, prion-like transmission of pathogenic protein aggregates has been shown to occur in neurodegenerative disease and is thought to play a central role in disease progression (48, 49) . Based on the evidence provided in this study, we propose the hypothesis that self-directed propagation of intracellular U1-70K aggregates may contribute to the pathogenesis of AD.
